Density functional theory, in particular, with the Becke-3-parameter-Lee-Yang-Parr (B3LYP) hybrid functional, has been shown to be a promising method for the calculation of indirect nuclear spin-spin coupling constants. However, no systematic investigation has so far been undertaken to evaluate the capability of B3LYP to calculate these coupling constants accurately, taking properly into account the vibrational contributions. In this work, vibrationally corrected indirect spin-spin coupling constants were calculated using the B3LYP functional for 10 rigid unsubstituted and substituted hydrocarbons: ethyne, ethene, allene, cyclopropene, cyclopropane, cyclobutene, pyrrole, furan, thiophene and benzene. The resulting spin-spin constants were compared with the available experimental values. The basis sets in these calculations give indirect nuclear spin-spin coupling constants of ethyne that are almost converged to the basis-set limit, making the intrinsic error of the computational method and the error in equilibrium geometry the main sources of error. On average, the B3LYP functional overestimates the indirect nuclear spin-spin coupling constants in hydrocarbons by 10%.
INTRODUCTION
Following the publication of Ramsey's pioneering paper expounding the mechanism of the indirect nuclear spin-spin coupling constants in 1953, 1 a number of quantum chemical approaches have been developed for the calculation of these constants. 2, 3 Compared with other molecular properties, the cost of calculating indirect nuclear spin-spin coupling constants is high, requiring the solution of at least nine response equations for each paramagnetic nucleus. 3 In addition, flexible N-electron models and large one-electron basis sets are needed. 2 -7 Therefore, when calculating indirect nuclear spin-spin coupling constants in molecules of chemical interest, it is important to use a flexible method whose cost scales moderately with system size.
Because of problems related to triplet instabilities, Hartree-Fock theory fails for the calculation of indirect nuclear spin-spin coupling constants. 3 By contrast, density functional theory (DFT) is much less susceptible to such instabilities and has been successfully applied to the † Dedicated to Professor M. Barfield on the occasion of his 70th birthday. than 2%. 28 In nearly all cases, however, the vibrational contributions to the spin-spin coupling constants are much larger than the differences arising from the use of an optimized rather than experimental geometry. In this work, we therefore used optimized geometries, providing a fully theoretical approach to the calculation of spin-spin coupling constants.
Most of the published experimental results on spin-spin coupling constants have been obtained in solution. Solvation changes the spin-spin couplings in many ways-the geometry of the molecule will be distorted and the presence of neighbouring molecules will influence the electronic structure of the molecule; see the important early review on solvation by Barfield and Johnston. 29 In ethyne, solvation may change the spin-spin coupling constants by up to 10%, 30 that is, by the same amount as the ZPVCs. Usually, however, solvation shifts are small, rarely exceeding 1 Hz for large couplings. 31 -34 Treating ethyne as a special case, here we shall compare the calculated coupling constants of ethyne with gas-phase measurements and all other calculated constants with liquid-phase measurements.
In this paper, the performance of hybrid DFT for hydrocarbons is carefully examined, using the Becke-3-parameter-Lee-Yang-Parr (B3LYP) functional 35, 36 and a one-electron atomic-orbital basis that is well converged for the coupling constants of ethyne. The calculated B3LYP constants are then compared with a set of empirical equilibrium spin-spin coupling constants, generated from the experimental constants by subtracting the calculated ZPVCs. This approach is applied to the following seven unsubstituted and three substituted hydrocarbons: ethyne, ethene, allene, cyclopropene, cyclopropane, cyclobutene, pyrrole, furan, thiophene and benzene.
COMPUTATIONAL DETAILS
To determine a suitable one-electron basis for the B3LYP functional, we carried out an extensive basis-set investigation at the empirical equilibrium geometry. 37 Three series of basis sets were investigated: the correlation-consistent polarized valence cc-pVXZ basis sets, 38 the correlation-consistent polarized core-valence cc-pCVXZ basis sets 39 and an extension to the latter denoted cc-pCVXZsun, obtained from cc-pCVXZ by uncontracting all s functions and augmenting the resulting set with n tight s functions. Here, X is the cardinal number, which specifies the quality of the basis set, with X D D denoting a double-zeta basis, X D T denoting a triple-zeta basis, and so on. The exponents of the added steep s functions were chosen so as to provide an even-tempered extension to the original basis. More precisely, let˛be the largest exponent of the original basis andˇthe ratio between the largest and second largest exponents. From˛andˇ, the new steep exponents i are obtained as
where n is the number of added functions. Huzinaga's basis sets 40, 41 augmented by the polarization functions of Kutzelnigg et al. 42 were also examined. These basis sets are here denoted HX, where X may be II, III or IV. As for the correlation-consistent basis sets, the HXsun sets are obtained from the HX sets by decontracting the s functions and augmenting the resulting basis with n tight s functions in an even-tempered manner. Using a combination of the HIVsu5 and HIV basis sets as described in the next section, the spin-spin coupling constants of all molecules were calculated at the B3LYP/HIII equilibrium geometry. For a more thorough discussion of the use of this equilibrium geometry for calculating spin-spin coupling constants, see Ref. 28 . The ZPVCs to the indirect nuclear spin-spin coupling constants were calculated using second-order perturbation theory 23 -25 as described in Ref. 22 . As advocated in this paper, the ZPVCs were obtained from the FC contribution calculated in the HIIsu2 basis, ignoring the other contributions to the spin-spin coupling constants. This simple approach gives at least 80% of the total ZPVCs. The vibrational contributions are calculated at the B3LYP/HIIsu2 optimized geometry.
All B3LYP calculations were carried out with a development version of the DALTON program.
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BASIS-SET INVESTIGATIONS
To obtain results close to the basis-set limit in calculations of indirect nuclear spin-spin coupling constants, the standard basis sets of quantum chemistry need to have the s functions decontracted and steep s functions added. 4, 6, 7, 15, 44 To determine a suitable one-electron basis for the B3LYP functional, an extensive basis-set investigation on ethyne was undertaken. These initial investigations were carried out with the three series of correlation-consistent basis sets, cc-pVXZ, cc-pCVXZ and cc-pCVXZsun (Figs 1, 2 and 3 ).
In the cc-pVXZ and cc-pCVXZ basis-set sequences, the spin-spin coupling constants do not converge smoothly with increasing cardinal number (Figs 1 and 2 ). The nonconvergence arises mainly from the Fermi-contact (FC) term (Fig. 1) . However, the convergence of the FC term is greatly improved by uncontracting the original s functions and adding steep s functions to the cc-pCV5Z basis, as illustrated by the smooth convergence of the cc-pCVXZsu5 sets with increasing cardinal number. A study of the number of steep functions needed shows that five functions are enough to converge the FC contribution with respect to s functions (Fig. 3) . Indeed, with these modifications, the FC contribution changes by less than 0.2% from ccpCVQZsu5 to cc-pCV5Zsu5 (see Fig. 1 ). In spite of some small oscillations in 1 J C,H for the sum of the other contributions, the separate contributions to the coupling constants are also well converged in the cc-pCV5Zsu5 basis (Fig. 2) . We conclude that the cc-pCV5Zsu5 basis gives spin-spin coupling constants that are converged with respect to the one-electron basis. This is the same conclusion as found by Peralta et al. 44 for a set of six smaller molecules. In practice, the cc-pCV5Zsu5 basis is too large for routine calculations, even when using B3LYP. However, since the correlation-consistent basis sets were not constructed with the calculation of spin-spin coupling constants in mind, the cost of accurate spin-spin calculations can be reduced drastically by using a smaller basis, better suited to the demands of spin-spin coupling constant calculations. The Huzinaga basis sets, in particular, describe the occupied atomic orbitals more accurately than the correlation-consistent basis sets of the same size, because of the relatively large number of near-core functions, which improves the description of the FC contribution to the coupling constants.
To benchmark the HX and HXsun sets, the results obtained using these basis sets are compared with the corresponding cc-pCV5Zsu5 results for ethyne, examining the mean absolute relative and mean absolute deviations from the cc-pCV5Zsu5 values (Table 1) . Considering the HII basis first, we note that the deviations from the cc-pCV5Zsu5 results increase from 7.3 Hz and 8.4% to 17.7 Hz and 14.6%, respectively, when the s functions are decontracted. However, both measures of error decrease monotonically as tight s functions are added, resulting in errors of 0.9 Hz and 1.7%, respectively.
Concerning the HIIIsun basis sets, we find that at least three s functions must be added to improve upon the HIIsu5 basis, which is smaller than all HIIIsun basis sets considered here. A further addition of tight s functions in the HIIIsun series reduces the errors from 0.9 Hz and 1.3%, respectively, to 0.6 Hz and 0.9%. Finally, to improve on these results Table 1 . Mean absolute and mean relative deviations from the cc-pCV5Zsu5 benchmark results for indirect nuclear spin-spin coupling constants in ethyne calculated using the HII-sun, HIII-sun, and HIV-sun basis sets, with all calculations performed using DFT/B3LYP As only the FC contribution has non-negligible changes after the addition of steep s functions, additional savings are obtained by calculating the non-FC contributions to the spin-spin coupling constants without such functions added. In fact, for ethyne, this approach gives the same mean absolute relative and mean absolute deviations as those in Table 1 . In the remainder of this study, we therefore chose to use the HIVsu5 basis for the FC contribution and the HIV basis for the other contributions. For ethyne, the resulting HIV(su5) calculations are about two orders of magnitude faster than the cc-pCV5Zsu5 calculation.
RESULTS
The calculated and experimental indirect nuclear spin-spin coupling constants are listed in Tables 2-8 . In these tables, we have also included the calculated ZPVCs and the empirical equilibrium coupling constants, obtained from the experimental constants by subtracting the calculated ZPVCs. When not self-explanatory, the identification of the different coupling constants can be found using the atom numbering scheme (Fig. 4) .
In the following, we proceed by discussing each type of coupling constant separately, comparing the calculated B3LYP/HIV(su5) spin-spin coupling constants with the experimental and empirical equilibrium coupling constants.
J(C,H)
The experimental values of the 1 J C,H coupling constants span a fairly wide range, from 137.2 Hz in cyclobutene to 247.6 Hz in ethyne (Table 2 ). There is a good correlation between the calculated and empirical equilibrium spin-spin coupling constants. In particular, arranging the coupling constants in ascending order, we find only one disagreement in the order of the calculated and empirical constants. Moreover, this disagreement occurs for two constants that differ by less than 1 Hz.
The B3LYP calculations systematically overestimate the empirical equilibrium values; on average, the overestimation is 9.9%, the minimum and maximum overestimations being 8.8% and 12.3%, respectively. To obtain values closer to experiment, it is therefore tempting to scale the calculated coupling constants by 0.91. In this manner, the mean absolute and maximum absolute errors are reduced from 17.2 and 29.9 Hz, respectively, to 1.0 and 5.3 Hz.
In the course of this study, we observed a surprisingly good performance of the smaller HIIIsu0 basis set (Table 2 ). In this basis, the mean relative and mean absolute deviations from the empirical equilibrium values are only 0.3% and 1.1 Hz, respectively. The good performance of this small basis arises from a cancellation of the B3LYP intrinsic error and the FC/HIIIsu0 basis-set error. A similar but less complete cancellation occurs in the HIII basis, frequently used for the calculation of spin-spin coupling constants. 8, 10, 45, 46 Comparing the HIV(su5) results with the experimental rather than empirical equilibrium constants, we find that, because of error cancellation, the mean and maximum absolute errors decrease slightly to 12.3 and 24.9 Hz, respectively, whereas the relative overestimation is reduced from 9.9 to 6.8%. Moreover, the trends are still accurately predicted. Hence, although the inclusion of vibrational contributions is necessary to establish the intrinsic error of the B3LYP model, its inclusion does not necessarily improve the agreement with experimental 1 J C,H coupling constants.
Ranging from 2.6 to 50.1 Hz, the two-bond CH spin-spin couplings cover more than one order of magnitude (Table 3) . Again, there is a clear correlation between the calculated coupling constants and the empirical values. Except for the two couplings in benzene and cyclobutene, the relative magnitudes are correctly predicted. As for the one-bond CH couplings, the B3LYP functional systematically overestimates the 2 J C,H coupling constants; out of 16 coupling constants, only two (in cyclobutene and cyclopropane) are very slightly underestimated.
For the 2 J C,H coupling constants, the relative overestimation is about 10% and the maximum overestimation as large as 45%. However, the largest deviations occur for the smallest coupling constants, for which the experimental uncertainties are large and for which our vibrational treatment is least satisfactory. Moreover, in absolute terms, the deviations are small. Hence the mean absolute deviation is only 0.9 Hz, while the two largest deviations are 4.4 and 1.2 Hz. As for the one-bond couplings, scaling is effective, reducing the mean absolute and maximum deviations to 0.4 and 1.2 Hz, respectively. Similarly, because of error cancellation, the HIIIsu0 basis produces good results, with mean and maximum absolute deviations of only 0.4 and 0.9 Hz, respectively. The trends of the 2 J C,H experimental coupling constants are well predicted by the equilibrium B3LYP calculations. However, unlike in the one-bond case, the deviations relative to the experimental coupling constants (relative and absolute deviations of 13% and 1.3 Hz, respectively) are slightly larger than those relative to the empirical constants.
Finally, we note that, for furan, the experimental spin-spin assignment of Huckerby 47 is different from that of Kalinowski et al. 48 From the consistent overestimation of B3LYP, we conclude that Huckerby interchanged a 2 J C,H coupling with a 3 J C,H coupling 
The vicinal 3 J C,H coupling constants fall in a fairly narrow gap from 5.0 to 10.0 Hz (Table 4) . Again, the trends are well predicted by the B3LYP functional; the only exception occurs for allene, where a large vibrational contribution reduces the experimental value to one of the smallest empirical equilibrium values. Moreover, the B3LYP functional overestimates all the empirical equilibrium coupling constants, mostly by 12-16%, the maximum being 39%. The mean absolute and standard deviations are 1.0 and 0.5 Hz, respectively. The maximum deviation of 2.2 Hz is found for allene. As for the one-and two-bond CH coupling constants, scaling (by 0.87) or the use of the HIIIsu0 basis improves the agreement with experiment, yielding mean absolute errors of only 0.2 and 0.4 Hz, respectively.
Comparing the calculated spin-spin coupling constants directly with the experimentally measured values, we observe a more systematic overestimation than relative to the empirical equilibrium values, with a mean relative deviation of only 8%. In particular, we note the (fortuitously) improved agreement for allene.
Finally, we recall the controversy regarding the experimental assignment of 2 J C,H and 3 J C,H in furan. 47, 48 As noted previously, in view of the systematic overestimation of the B3LYP model, we chose to follow the assignment Kalinowski et al. 48 rather than that of Huckerby. 
J(C,C)
The experimental 1 J C,C coupling constants vary from 12.4 to 174.8 Hz ( Table 5 ). As usual, the B3LYP functional reproduces the trends well; the only irregularities occur for the CC coupling in ethene and for one of the CC couplings in pyrrole. For these nearly equal coupling constants, the ordering of the B3LYP values is opposite that of the empirical equilibrium values but the same as that of the experimental total values. Usually, however, the ZPVCs have little effect on the ordering of the spin-spin coupling constants.
The B3LYP functional consistently overestimates the empirical 1 J C,C coupling constants; the average overestimation is 8.0%, whereas the minimum and maximum overestimations are 3.2 and 12.3%, respectively. Scaling based on the average overestimation reduces the mean absolute, the maximum absolute and the standard deviations from 6.4, 21.8 and 6.4 Hz to 1.8, 6.8 and 2.0 Hz respectively. Because of error cancellation, the HIIIsu0 basis gives very good results, with mean absolute and standard deviations relative to the empirical constants of only 3.3 and 3.8 Hz, respectively.
J(H,H)
The empirical equilibrium values of the vicinal proton-proton coupling constants are found between 1.2 and 16.7 Hz (Table 6 ). The relative ordering of the spin-spin coupling constants is correctly predicted except for two constants, whose empirical values differ by only 0.1 Hz. The calculated coupling constants are too large, roughly by 30%; for the smallest coupling constants, the relative deviations can be much larger. In absolute terms, the mean and standard deviations are 1.4 and 1.0 Hz, respectively, while the maximum deviation of 4.2 Hz occurs in ethene. The mean and standard deviations are both reduced to 0.4 Hz by scaling, while use of the HIIIsu0 basis reduces these deviations to 0.5 and 0.4 Hz, respectively, owing to error cancellation. Because of error cancellation, the calculated equilibrium constants agree slightly better with the observed total coupling constants than with the empirical equilibrium constants.
Except for the large long-range coupling of 7.1 Hz in allene, all 4 J H,H coupling constants are smaller than 3 Hz (Table 7) . The B3LYP functional correctly predicts the relative magnitudes of the empirical couplings, overestimating all constants but one. The mean absolute and maximum relative deviations from the empirical equilibrium values are 13 and 45%, respectively, the corresponding absolute deviations being 0.5 and 2.7 Hz. Scaling or use of the smaller HIIIsu0 basis reduces the mean absolute deviation to 0.3 Hz. As for the vicinal proton-proton spin-spin couplings, the B3LYP couplings agree better with the total experimental values than with the empirical equilibrium constants.
Other coupling constants
Although there are more types of coupling constants in our molecules than those treated in the previous sections, there are not enough experimental results to treat these types separately. These remaining coupling constants are therefore treated together in this section. Except in three cases, the DFT/B3LYP method overestimates the 12 empirical spin-spin coupling constants (Table 8) , the average overestimation being 16%. However, since different types of coupling constants are compared, the overestimation is less systematic than before and scaling no longer improves the agreement with experiment. By the same token, the HIIIsu0 basis no longer exhibits the systematic error cancellation observed previously. In particular, for 1 J N,H in pyrrole, the HIIIsu0 basis leads to a significant underestimation. Similarly, for 2 J C,C in cyclobutene, which is already underestimated in the larger basis, the use of the HIIIsu0 basis increases the discrepancy even more.
It is worth noting that, for the nitrogen coupling constants in pyrrole, the same trends are found using B3LYP as previously described for the CC, CH and HH coupling constants, that is, except for 1 J N,C , all nitrogen coupling constants are overestimated. For 1 J N,C , the calculated and empirical equilibrium coupling constants are almost identical, in contradiction to what was found by Pecul and Helgaker.
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CONCLUSIONS
Using the B3LYP functional, the indirect nuclear spin-spin coupling constants of ethyne do not converge smoothly in the series cc-pVXZ and cc-pCVXZ, mainly because of the severe basis-set requirements of the FC contribution to the coupling constants. Convergence is achieved, however, by decontracting the original s functions and adding steep s functions. In particular, in the cc-pCVXZsu5 basis, in which five steep functions have been added to the decontracted s functions, the spin-spin coupling constant are well converged, in agreement with the findings of Peralta et al. 44 Because of its large size, the cc-pCVXZsu5 basis is impractical for routine calculations. However, the more compact HII, HIII and HIV Huzinaga-type basis sets produce indirect nuclear spin-spin coupling constants of almost the same quality at a lower cost. In particular, when the HIVsu5 basis (in which the s functions of the HIV basis have been decontracted and augmented with five steep functions) is used for the FC contribution to the coupling constants and the HIV basis for the remaining contributions, the coupling constants of ethyne differ by less than 0.3% from the ccpCV5Zsu5 results. This approach, which is about two orders of magnitude faster than cc-pCV5Zsu5 calculations, is used in the present investigation of the spin-spin coupling constants in hydrocarbons.
In the present investigation, we calculated the indirect nuclear spin-spin coupling constants of ethyne, ethene, allene, cyclopropene, cyclopropane, cyclobutene, pyrrole, furan, thiophene and benzene at the B3LYP level of DFT, comparing the calculated constants with empirical equilibrium values, obtained by subtracting the calculated zeropoint vibrational contribution from the experimental data. These calculations show that the B3LYP model overestimates the indirect nuclear spin-spin coupling constants in hydrocarbons by about 10%, depending slightly on the type of coupling constant.
The large 1 J C,H spin-spin coupling constants show the most regular behavior, with all results distributed compactly about a mean value of 10% overestimation. The smaller coupling constants are less predictable, possibly because of larger uncertainties in the empirical equilibrium values arising from uncertainties in the relatively large vibrational contributions and from fewer significant digits in the experimental data. Also, small coupling constants may be more sensitive to changes in the geometry and to solvation. Finally, it is possible that the B3LYP functional itself is less reliable for small indirect spin-spin coupling constants.
Although the B3LYP functional systematically overestimates the indirect nuclear spin-spin coupling constants in hydrocarbons, it gives a balanced treatment of both small and large coupling constants, which is often not the case for wavefunction methods. 28 In this sense, the B3LYP model appears to be a useful tool for the interpretation of NMR spectra.
Without s decontraction and the addition of steep s functions, the popular Huzinaga basis sets give FC spin-spin contributions that are about 10% too small, leading to a fortuitously good agreement with the empirical equilibrium coupling constants for the B3LYP functional. Indeed, for the 95 coupling constants covered in the present study, the B3LYP/HIIIsu0 results have mean absolute and maximum absolute deviations from the empirical values of only 0.9 and 11.8 Hz, compared with 4.4 and 29.9 Hz when a combination of the HIV and HIVsu5 basis sets is used. Clearly, for large hydrocarbons and exploratory calculations, the B3LYP/HIIIsu0 method can be useful. Nevertheless, its results should be treated with some caution since its often high accuracy arises from a cancellation of the intrinsic B3LYP error and the basis-set error.
